Computer-based clinical simulations for medical education vary widely in structure and format, yet few studies have examined which formats are optimal for particular educational settings. This study is a randomized comparison of the same simulated case in three formats: a "pedagogic" format offering explicit educational support, a "high-fidelity" format attempting to model clinical reasoning in the real world, and a "problem-solving" format that requires students to express specific diagnostic hypotheses Data were collected from rising thirdyear medical students using a posttest, attitudinal questionnaire, students' writeups of the case, and log files of students' progress through the simulation. Student performances on all measures differed significantly by format. In general, students using the pedagogic format were more proficient but less efficient. They acquired more information but were able to do proportionately less with it. The results suggest that the format of computer-based simulations is an important educational variable.
Interest in educational use of computer-based clinical simulations took root in the early 1970s. The most visible products of this early work included the CASE system, developed at the University of Illinois,' and a series of simulations developed at the Massachusetts General Hospital.' At about the same time, Richard Friedman built simulations into the fabric of clinical teaching in an internal medicine clerkship.3A Friedman noted several potential advantages of using simulations in clinical education: 1) All students are given experience with a core group of disorders regardless of patient population or service in the hospital. 2) Students are given an opportunity to see the importance of cost and test availability in determining what tests are truly most valuable. 3) Since all students can work up the same case, simulation is the ideal vehicle for teaching diagnostic skills. 4) Students are given detailed self-evaluation feedback ... so that emerging deficiencies can be rapidly corrected.
5) Mistakes are made on a computer and not a patient. [p. 829]
Several design variants were evident in these simulation programs. Some were &dquo;static&dquo; simulations, providing for students the opportunity to work up a simulated case only at one point in time, while other, &dquo;dynamic&dquo; simulations allowed students to experience the time evolution of the case in response to their own management decisions. The CASE system required students to obtain information about the &dquo;patient&dquo; using natural language query instead of by choosing items from a menu.
Computer-based simulations using mainframe technology did not, in general, disseminate beyond the institution where each program was developed.' One possible reason was cost on a student-hour basis, which, despite promising early projections, turned out to be much higher than comparable costs of classroom instruction.'
With the advent of relatively powerful and inexpensive microcomputers in the early 1980s, the number of computer-based systems for patient simulations proliferated rapidly.s-9 These systems generally employed the dynamic model whereby students could specify treatment of the simulated &dquo;patient&dquo; and encounter the patient again at a later point in simulation time. However, the mixed modality of user interfaces remained, some systems using natural language, others using menus. The origin of this diversity was clear. Some system developers would argue that the work required to produce natural-language simulations was justified by the element of realism they introduce, since experienced physicians do not bring checklists of interview questions to their encounters with real patients.10 Others would argue that the cognitive task of selecting items from a very long menu is equivalent to a natural-language environment, since it is very inefficient to &dquo;shop through&dquo; a lengthy list.
Systems also varied in the amounts and timings of feedback they presented to learners. Some simulations provided directive feedback during the simulation, keeping students generally on track in the management of the patient,' while other simulations followed more closely the &dquo;flight simulator&dquo; model by providing relatively little explicit feedback, letting the realistic clinical consequences of clinical decisions indicate to the student whether he or she was proceeding on a fortuitous path.'
There also developed serious interest in using simulations for formal assessment of clinical skills. The Computer Based Exam (CBX) project was initially sponsored by the American Board of Internal Medicine and later adopted by the National Board of Medical Examiners 111z Current plans call for the introduction of CBX into the National Board examination during the 1990s.
At this writing, a new generation of simulation programs for medical education is under development. An obstacle to the proliferation of systems in medical education has been a relative paucity of case material for students to employ. In most systems, each case must be authored essentially from scratch, a laborintensive task that falls primarily to an expert clinician. To address this problem, the ILIAD system&dquo; can generate medically plausible cases from its knowledge base, using probabilistic methods, obviating the need for a human case author. Another perceived drawback of educational simulations has been the lack of an explicit pedagogic strategy in the programs. That is, most simulations do not direct students to employ a systematic approach to clinical reasoning. A system developed at Southern Illinois University invokes an explicit hypothetico-deductive framework that compels students to think systematically through a clinical problem by asserting a diagnostic hypothesis before eliciting data to test that hypothesis.&dquo; The ILIAD simulations also employ this type of strategy.
Structure of the Study
As the number of clinical simulation systems continues to increase, a great deal of diversity in their format remains. This study explicity compares three alternative formats for these programs, along several dimensions of educational outcome. The approach we selected was to give random samples of students simulations of the same clinical case, but with systematically varied formats. The three discrete formats used were based on approaches that are prevalent among existing simulation systems: 1. A &dquo;pedagogic&dquo; model that gave students access to information via hierarchical menus and provided explicit cues to help students master the content of the case. The format would appear most appropriate for simulations designed to instruct students about a clinical domain. 2 . A &dquo;problem-solving&dquo; model that required students to employ a formal clinical reasoning proc-ess. Students asserted a working hypothesis before eliciting data, and asserted whether each item of information received tended to confirm, rule out, or was uninformative regarding the stated hypothesis. This model would be most attuned to an educational goal of exposing students to a general approach to problem solving. 3. A &dquo;high-fidelity&dquo; model that attempted as closely as possible to mimic clinical reasoning in the real world. Students requested information in natural language and received no feedback other than the clinical consequences of their decisions. This is a model most likely to be employed in simulations used for assessment of trainees.
Many of the specific educational outcomes we explored pertained to information access and recall. This emphasis was directed by the importance of problemspecific knowledge in clinical reasoning.1516 In addressing these variables, we were interested in issues of proficiency (How much information do students access and subsequently recall?) as well as efficiency (How much information that is critical to diagnosis and management do students access and recall?). 17 In the study, multiple outcomes assessed by multiple measurement tools were employed to create a more comprehensive picture of each simulation format's effects than would derive from just one outcome measure. Paradigmatically, these studies resemble the work of Norman and Feightner18 and Newble et aps wherein different clinical assessment models were compared by presenting the same clinical case in varied formats. These studies demonstrated significant performance variation as a function of case-presentation format; we sought variation here in the more restricted domain of computer-based simulations.
Investigative Questions
Specifically, this study explored whether students employing alternative formats of clinical simulations differ in: The study employed a randomized, three-group, posttest-only design with covariates. The design had one independent variable, format of the simulation, with three levels of this variable corresponding to the three discrete simulation formats employed. Subjects were randomly assigned to one of the three simulation formats. Each of nine outcome measures constitutes a separate dependent variable. The outcome variables were assessed by analysis of log files maintained by the computer system, and by asking each subject to complete a case write-up, a posttest, and a questionnaire. To add precision to the study, we planned to employ as covariates measures of knowledge in two basic science courses relevant to the simulation content.
SUBJECTS
Subjects in the study were rising third-year medical students at the University of North Carolina (UNC) School of Medicine. The simulation exercise was a formal part of the &dquo;Transition&dquo; course within the UNC medical curriculum, designed to bridge students from the preclinical to the clinical phases of their education.
Of the 145 medical students enrolled in the course, 80 were randomly assigned by the course directors to the computer simulation exercise while the remaining students studied a different topic. Participation in the exercise was an integral part of the course, so the students were motivated to perform well. Complete data for use in the study were obtained from 72 students.
SIMULATION PROGRAM
All three simulation formats were programmed on Apple II series computers. The simulation software had been developed earlier by one of the authors (CPF).
In its generic form, this software contained many features needed for this research, including routines for interpreting natural-language queries and a log-file feature that recorded students' elicitation of clinical data as they moved through the simulation. Specific variations were made in the program as needed to create the alternative presentation formats for the clinical case script, which was identical across the formats. The authors' prior experience demonstrated that this simulation author/driver program could serve as a platform for this research. In earlier trials, students reported the program to be acceptably fast and accurate in interpreting natural-language requests for information. Approximately 75% of properly entered history items were recognized by the computer, and 90% of examination and diagnostic test requests were recognized. Because the software had been used by two previous cohorts of students in the Transition course at UNC, it was generally free of bugs and its mechanics of use had been improved each year.
The simulations, in all three formats, had a nodeand-branch structure. Students encountered the &dquo;pa-tient&dquo; in a series of scenes. During each scene the student could elicit history, physical exam, and lab/ test data. When the student completed the data elicitation in a given scene, he or she was presented with a list of up to seven (and typically four or five) discrete management options. Depending on the option selected, the student was branched to a new scene corresponding to a realistic clinical change in the patient's condition. In each new scene, the same set of patient data remained available but some values of these data were revised according to the clinical action taken. When moving to a new scene, the student was told the cost of care for that scene and the total costs incurred in the simulation to that point.
FORMAT VARIANTS
To create the three simulation formats, we manipulated three parameters of simulation design: 1) mode of data elicitation about the &dquo;patient&dquo;; 2) imposition of cues or formal structure for reasoning about the case; and 3) feedback given to students as they progressed through the simulation. How these three parameters were manipulated is illustrated in table 1. In the &dquo;pedagogic&dquo; format, data elicitation was based on a hierarchy of menus; students selected data about the patient from a set of lists. For example, available history items were divided into eight sub-menus from which students could make specific selections. The students' reasoning about the case was guided by an &dquo;advanced organizer,&dquo; displayed at the beginning of the simulation, reminding them to consider multiple causes of symptoms, explore psychological as well as physiologic data, and implement several other pertinent aspects of a complete medical workup. Feedback laMB 1 * Descriptive Parameters for Three Simulation Formats was available at the end of each scene. The students were presented with a list of plausible diagnostic options constituting a &dquo;logical competitor set&dquo; for that point in the case 2° On request, the program would display a sentence describing how plausible each diagnostic option was at that point.
In the problem-solving format, data elicitation employed a free-entry format: the students typed requests for information in their own words. This format also imposed a hypothetico-deductive approach to reasoning about the case.16 After entering a new scene in the simulation, the student was presented with a screen displaying 18 possible diagnoses. The student was then required to select one of these diagnoses as a working hypothesis. After eliciting an item of data about the patient, the student was further required to specify whether that item tended to support, rule out, or was irrelevant to the hypothesis under consideration. Explicit feedback was provided when the student elicited an item of information that was pertinent to the working hypothesis, and correctly identified the item as such. In these instances, the program informed the student that the item was indeed a &dquo;key item&dquo; of information for that diagnosis. Students could change their working hypothesis at any point within a scene.
In the &dquo;high-fidelity&dquo; format, data elicitation took place in free-entry mode. No guidance or formal structure for reasoning about the case was provided. The only feedback students received was in relation to the natural evolution of the case, as the patient's condition changed in accord with the management selected. Of course, students using the other two versions received this form of &dquo;naturalistic&dquo; feedback as well.
The clinical content of the case was the same across the three simulation formats. All three formats offered the same set of clinical data about the patient and &dquo;values&dquo; of these data for each scene. The descriptions of each scene (one or two paragraphs portraying the background and setting of the scene) and the clinical actions students could select to branch from scene to scene were also identical across formats.
THE CLINICAL CASE
The simulated case employed in the study was created by one of the authors (DDD), who is a gastroenterologist with training in psychosomatic medicine. The case involves a 57-year-old woman (&dquo;Mrs. Jones&dquo;) who presents with abdominal pain, claiming that her previous physicians have been unable to help her. As this complex case unfolds over time in a series of scenes, Mrs. Jones turns out to have six problems that could be diagnosed separately and a seventh problem (urinary tract infection) that develops only if she is hospitalized at a particular point in the simulation. Despite the complexity of the case, the two most important diagnoses of diabetes mellitus and depression are not difficult to reach. When used in the same course during the two previous years, this case problem had been found to be an appropriate, although very challenging, educational exercise for rising third-year students. For pedagogic purposes, the case resolves itself similarly for all users; that is, all students are branched to a common final scene that reveals Mrs. Jones to be much improved. Some of her problems are self-resolving and the student is also told that &dquo;problems not diagnosed by you were diagnosed by her family physician.&dquo; This strategy was appropriate to this study, which emphasized clinical information accessed over the general management of the case. The strategy also minimized demoralization of those students who may have managed the case poorly.
The total case consisted of nine discrete scenes. A total of 127 history, exam, and lab items was available in each of the scenes. This set of items was designed to embrace all elements of a complete workup. Fortythree of these items were included by the case author because they were critical to diagnose Mrs. Jones' problems.
RESEARCH INSTRUMENTS
Data to address the research questions were collected using several methods. The log-file feature of the simulation driver program enabled us to record, for later analysis, the data items accessed by each student during the simulation. To address students' unstimulated recall of case information, we used a hospital progress note form on which each student could record a summary write-up of the case. We assessed students' recall of specific critical information about the case using a 22-item posttest developed by the authors. The posttest covered the interpretation of critical data items about the patient, the appropriateness of the important diagnoses and the information supporting them, and the management of Mrs.
Jones' many problems. Students' satisfaction with the simulation was addressed using ten Likert-scale items on a self-administered questionnaire.
We selected as covariates students' scores on the endocrinology and psychiatry course examinations in the second-year medical curriculum. These courses were chosen because they represent measures of knowledge that are directly relevant to the primary diagnoses (diabetes mellitus and depression) in the simulated case and because they are assessed in the same academic year as this study was undertaken. Among the cognitive indices available, this proximate measure of problem-specific knowledge was judged most likely to affect the performance on the experimental task.1516 PROCEDURES As a part of his or her schedule for the Transition course, each participant in the study was assigned one afternoon (of three afternoons set aside for this purpose) to work the simulation, complete the study instruments, and attend a group discussion of the case led by a medical preceptor. The students had previously been randomized into one of the treatment groups. Students assigned to all three formats worked simultaneously on each of the study administration days. When each student arrived for the session, he or she was given a diskette containing the simulation in his or her preassigned format. Students were told they had approximately one hour to work individually through the case but were not given a time limit. The authors were available to the students to help with system mechanics and to answer questions of medical terminology. After finishing with the simulation, each student brought the diskette (which contained his or her log file) to a member of the staff and received the write-up form, the posttest, and the questionnaire. The students were allotted 30 minutes to complete these instruments, although more time was available if needed. When the students had completed these forms they reported to an assigned classroom for the group discussion.
Since six students who missed their assigned sessions subsequently attended a make-up session, data collection extended over four days. Responding to a concern that early and late participants would exchange information about the case, we compared performances on the posttest across days and found no significant difference. ANALYSIS Complete data were acquired from 72 students: 26 in the &dquo;pedagogic&dquo; group, 24 in the &dquo;high-fidelity&dquo; group, and 22 in the &dquo;problem-solving &dquo; group. Eight students who did not attend their assigned sessions or a makeup session, or who did not complete all research instruments, were deleted from the study. Using a utility program developed by the authors, each student's log file was analyzed for data items accessed and the proportion of those items that were &dquo;critical.&dquo; One of the authors, who was blind to the group membership of each subject, read all the case write-ups and coded them for the presence or absence of each data item.
Since this process required some subjective decisions, a second coder crosschecked a random sample of eight write-ups. Agreement coefficients among the coders (Cohen's kappa) averaged 0.85 for these items. It was concluded that the coding results were acceptably reliable. The posttest, in multiple-choice format, was scored based on total number of correct responses.
Items on the questionnaire were analyzed individually and responses to ten items were summed to compute an overall index of satisfaction.
In the initial stage of data analysis, we found that neither of the covariates showed significant differences across groups or significant relationships to the outcome variables in the study (r < 0.12 for all outcome variables). As a result, analysis of covariance was not employed; data were subsequently analyzed using oneway analysis of variance to explore global differences among the simulation formats. Separate analyses were employed for each outcome variable. Scheffe's test was then used to explore pairwise differences among formats in instances where a global difference was found using an F-test. The Kruskal-Wallis nonparametric test was used to explore group differences on individual questionnaire items. Table 2 summarizes the findings for the major dependent variables in the study. The table reports means and standard deviations for each group and the results of the analyses of variance to test differences between the groups. From the table it is evident that the format of the simulation had significant impact on all dimensions of learning that were explored in the study.
Results
The students using the &dquo;pedagogic&dquo; version of the simulation, which makes information accessible from menus, did accumulate a much larger set of clinical information about the patient than did the users of the other two versions (p < 0.05 by Scheffe's test). The same finding was observed for numbers of critical information items that were accessed. However, a different result obtained for the efficiency index, which is the proportion of items obtained that were critical items. Here we observed higher efficiency for the &dquo;high-fidelity&dquo; and &dquo;problem-solving&dquo; formats (p < 0.05 by Scheffe's test). Since 43 of 127 data items (34%) were designated critical, the efficiency index of the students in the &dquo;pedagogic&dquo; group (0.38) suggests that they were relatively undiscriminating in their search for information.
With regard to the case write-up, the students using the &dquo;pedagogic&dquo; version listed more items of information than did the users of the other two versions (p < 0.05 by Scheffe's test). As evidenced by the recall Table 2 . Means, Standard Demations, and Tests of Significance, by Simulation Format *Means listed in boldface do not differ significantly by Scheffe's test at the 05 confidence level tLower scores imply higher levels of satisfaction index, however, the students using the &dquo;high-fidelity&dquo; and &dquo;problem-solving&dquo; versions of the simulation were able to recall in their case write-ups higher proportions of what they had accessed.
The inference index addresses the number of data items that were not explicitly accessed during the simulation but were listed explicitly in the case write-up. Because the write-ups were done immediately following work at the computer, it was necessary that students infer these items from the information they did access while working the case. By Scheffe's test, the users of the &dquo;high-fidelity&dquo; version inferred more information than did the users of the other two versions.
The critical-recall ratio indicates the proportion of all critical items accessed in the simulation that also appeared in the write-up. Also by Scheffe's test, the students using the &dquo;problem-solving&dquo; and &dquo;high-fi-delity&dquo; versions had significantly higher critical-recall ratios than did the students using the &dquo;pedagogic&dquo; version. laNe 3 * Mean Ratings for Likert-scale Questionnaire Items *Items listed in boldface differed significantly by format (p < 0 05 using the Kruskal-Wallis test) tResponses on scale from 1 (strongly agree) to 4 (strongly disagree)
The posttest addressed diagnostic and management issues in the case and, as such, was a broader indicator of overall performance and understanding of the case than were the information access and recall variables described previously. The average score for all the students on the posttest was 12.2 (55.5%). As shown in table 2, the performance of the &dquo;pedagogic&dquo; group was significantly better than were those of the other groups.
An overall satisfaction index was computed by summing the ten Likert-scale items in the questionnaire.
As indicated by the lower mean score in table 2, the &dquo;pedagogic&dquo; format was rated most highly by the students. Even though the &dquo;high-fidelity&dquo; and &dquo;problem-solving&dquo; formats differed in their satisfaction ratings, Scheffe's test did not reveal a significant difference between these groups. Table 3 presents mean ratings for the ten questionnaire items. As shown in the table, the &dquo;pedagogic&dquo; format received significantly higher ratings for four items relating to information access and understanding of the case, whereas the &dquo;high-fidelity&dquo; version received higher ratings for realism.
Discussion
These results lead to a general conclusion that simulation format does make a difference educationally. The students responded to these alternative formats in significantly and systematically different ways, and largely in accord with what theoretically and intuitively would be expected. Designers of clinical simulations and faculty members planning to employ them in medical curricula should thus tailor their choices of simulation software to their specific educational objectives.
Examining the findings variable by variable, a generally consistent pattern emerges from these data. The students using the &dquo;pedagogic&dquo; version accessed more data but were able to do proportionately less with it; they were more proficient but less efficient. The students using the &dquo;pedagogic&dquo; version scored higher on the posttest, but not to the same extent that they acquired more information about Mrs. Jones. The menu format made it easier for students using the pedagogic format to acquire information. The questionnaire revealed that the students appreciated the menus, but they did appear to &dquo;shop&dquo; for data-seemingly acquiring information because it was available rather than because it was necessary. The students in the &dquo;problem-solving&dquo; group obtained the least information. The overhead of asserting hypotheses and evaluating each data item against the current working hypothesis forced these students to consider clinical data more thoroughly than the other students were compelled to do. Given more time, and students' willingness to spend more time on a simulated case, the &dquo;problem-solving&dquo; model may yield educational benefits that were unobservable in this study.
These results must be interpreted in light of the educational level of the subjects and generalized with caution to trainees at other levels. These rising thirdyear students were just beginning their learning of clinical medicine. Students reported on the questionnaire that the features offered by the &dquo;pedagogic&dquo; simulation format-particularly the hierarchical menushelped them learn the structure of clinical information. This structure is something a fourth-year student might take for granted, but it is a novel concept to students at this stage of training. Fourth-year students might value, and perform on, the pedagogic version very differently from what was observed here.
The students using the &dquo;problem-solving&dquo; and &dquo;high-fidelity&dquo; versions of the simulation reported greater difficulties accessing the information they needed to work through the case. While the exact origin of this problem is not clear, it is likely that these students did not know what to ask for or how to ask for it. Such difficulties would be exacerbated by the occasional inability of the program to correctly interpret their requests as entered. Transferring the program to a faster computer and/or improving the recognition algorithm can address this problem only partially. It will improve the responses of the computer to well-formulated requests for clinical data, but will not help students construct these requests. Some threats to the validity of this study should be considered, as it is possible that the observed group differences could result from factors other than the simulation format. The attrition rate for the study (10% overall) was somewhat lower in the &dquo;pedagogic&dquo; group than in the other two groups. Making the assumption that students in the &dquo;problem-solving&dquo; and &dquo;high-fi-delity&dquo; groups who had not accessed or recalled large amounts of data were those who failed to complete their research instruments, attrition would, in general, act conservatively to diminish the observed group differences from what would have been obtained otherwise. Another consideration is the effect of varying pathways through the simulation. It is possible that the students were prompted to collect more data or different kinds of data as a consequence of the specific scenes of the simulation they encountered. We con-sciously structured the &dquo;Mrs. Jones&dquo; case to minimize this effect because all students eventually reach the same closing scene or clinical endpoint. Nonetheless, this experiment as conducted did not elucidate to what extent simulation format acts directly to influence the measured educational outcomes, and to what extent format acts indirectly, with students' trajectories through the case as an intervening variable. The third potential threat to validity is the limitation of this study to one clinical case. The findings reported here may have been a function of an interaction of simulation format with the content of this particular case. It is likely that the complexity of the &dquo;Mrs. Jones&dquo; case, and its psychosocial components, worked to enhance differences due to format of clinical data acquisition.
Observed differences between formats may be lesser in magnitude for simulations of simpler, more common medical problems. A more straightforward case would likely diminish all components of variability in student performance.
Conclusion
The findings of this study-particularly the efficiency scores-suggest that there may be some educational benefit in having to construct a request for information rather than choosing it from a list. Nonetheless, these data would support use of the &dquo;peda-gogic&dquo; simulation for instruction of students who are clinical neophytes. It is not clear how quickly students in active clinical training would outgrow this format. Both of the alternative formats have potentially attractive features for students at higher levels of training or for assessment of clinical reasoning.
